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Abstract. Diverse astrophysical observations suggest the existence of cold dark matter that
interacts only gravitationally with radiation and ordinary baryonic matter. Any nonzero
coupling between dark matter and baryons would provide a significant step towards un-
derstanding the particle nature of dark matter. Measurements of the cosmic microwave
background (CMB) provide constraints on such a coupling that complement laboratory
searches. In this work we place upper limits on a variety of models for dark matter elastic
scattering with protons and electrons by combining large-scale CMB data from the Planck
satellite with small-scale information from Atacama Cosmology Telescope (ACT) DR4 data.
In the case of velocity-independent scattering, we obtain bounds on the interaction cross
section for protons that are 40% tighter than previous constraints from the CMB anisotropy.
For some models with velocity-dependent scattering we find best-fitting cross sections with a
2σ deviation from zero, but these scattering models are not statistically preferred over ΛCDM
in terms of model selection.

Keywords: CMBR experiments, cosmological perturbation theory, dark matter theory

ArXiv ePrint: 2208.08985

mailto:zack@cita.utoronto.ca
https://arxiv.org/abs/2208.08985


J
C
A
P
0
2
(
2
0
2
3
)
0
4
6

Contents

1 Introduction 1

2 Scattering model observables 2

3 Data and methodology 4
3.1 Cosmological model 4
3.2 Data and sampling 5

4 Results 5
4.1 Velocity-independent constraints 5
4.2 Velocity-dependent constraints 7

5 Conclusions and discussion 9

1 Introduction

Measurements of the cosmic microwave background (CMB) anisotropies let us view the early
Universe as a high-energy gravitational laboratory. In the standard model of cosmology, the
dynamics of the early Universe were dominated by scattering between radiation and baryonic
matter, as well as gravitational interactions from dark matter, leading to the oscillations that
generated the famous acoustic features in the CMB power spectrum. Precise measurements
of these features have helped build a successful, predictive model for the contents, geometry,
and evolution of the early Universe. The lack of deviations from this standard model of
cosmology has provided stringent constraints on extensions that would change the CMB
acoustic features, such as physics arising from neutrinos and axions [1–5], interactions in the
dark sector [6–8], and models of dark energy.

Scattering between dark matter and baryons (DM-baryon scattering) is an example
of an extension of the standard model of cosmology that alters the dynamics of the early
Universe, leaving fingerprints on the acoustic oscillations seen in the CMB [9–15]. Although a
diverse set of astrophysical observations suggests that the cold dark matter in the Universe
interacts only gravitationally, the possibility of a coupling between dark matter and baryons
still presents a tantalizing target towards understanding the particle nature of dark matter.
Direct detection experiments [e.g., 16–19] have made substantial progress in searching for such
a coupling, typically through searching in the laboratory for nuclear recoils from scattering
with dark matter. Astrophysical constraints on dark matter can complement direct detection
experiments, in particular delivering competitive sensitivities towards models with dark matter
particles masses below approximately 1GeV for nuclear recoils and near to 1MeV for electronic
recoils. The most powerful astrophysical constraints on pre-recombination scattering between
DM and baryons come from the Milky Way satellite abundance measurements [14, 20–22] and
Lyman-α-forest measurements [23–25], while the CMB provides the most competitive bounds
for post-recombination scattering [26, 27]. At the same time, constraints from the CMB data
have very different sources of uncertainty than other observational probes, do not require
modeling of baryonic physics arising from galaxy formation, and probe the same physics at
different physical scales. Notably, small-scale polarization measurements of the CMB have
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less contamination from astrophysical foregrounds relative to temperature anisotropies, and
can carry valuable information about DM physics.

The features induced in CMB power spectra by scattering effects can vary, depending
on how the momentum-transfer cross section σMT varies with relative velocity v; following
the literature, we parameterize this dependence as a power law with index n, such that
σMT = σ0 v

n in natural units, for either scattering with protons, or electrons. In this work, the
choice of n amounts to the choice of the scattering model at hand. DM-baryon scattering with
power law index n < 0 tends to produce progressively stronger relative suppression of power
in the CMB at small angular scales, as shown in figure 1, and represents scattering that takes
place in the post-recombination universe (after v redshifts due to the universal expansion),
affecting the degree of lensing of the CMB. DM-baryon scattering with non-negative n tends
to also exhibit a substantial increase in power at intermediate scales (` ∼ 1000 − 2000),
by effectively increasing the mass of the baryons, and is dominated by scattering in the
pre-recombination universe (where v is driven by thermal velocities that are large at early
times). The Planck satellite measured the temperature anisotropies to the cosmic variance
limit for scales up to ` ∼ 2000, but current and upcoming ground-based experiments such
as the Atacama Cosmology Telescope [ACT, 28], the South Pole Telescope [SPT, 29], the
Simons Observatory [SO, 30], and CMB-S4 [31] promise to push the cosmic variance limit
to ` ∼ 3000 − 4000 in both temperature and polarization. As an example, the addition of
ACT DR2 and SPT data improved the Planck-2015 constraint by a factor of two for some
interaction models [26].

Previous CMB constraints were driven primarily by data from the Planck satellite [10,
11, 13, 14, 27]. In this work, we use the ACT DR4 data [32, 33], collected during 2013−2016,
to search for DM-baryon scattering. In combination with the 2018 Planck data, we use these
data to improve the CMB constraints on DM-baryon scattering.

In section 2, we review how observables predicted by the Einstein-Boltzmann equations
change in the presence of DM-proton scattering. In section 3, we describe the data we use for
our analysis and detail the fitting procedure. We present our main results in section 4 and
conclude in section 5.

2 Scattering model observables

Within the power-law parameterization for the momentum-transfer cross-section, the index n =
0 arises in the simplest example of a spin-independent or spin-dependent contact interaction;
millicharged DM exhibits Coulomb-like interaction with n = −4; n = 2 corresponds to DM with
an electric dipole moment [34]; in this study, we consider models with n ∈ {−4,−2, 0, 2, 4, 6},
as described in e.g., [10]. We consider even powers of velocity dependence as these are the
only ones allowed in weakly-coupled theories. We separately constrain elastic scattering with
protons and elastic scattering with electrons.

Different values of n lead to a different redshift evolution of the rate of momentum
transfer Rχ between DM and baryons, affecting matter perturbations at different cosmological
times: for n = −4, scattering is more important as thermal particle velocities decay, later
on in cosmic history; for n ≥ −2, scattering mainly occurs prior to recombination, at high
redshift when thermal velocities are large [11, 27]. However, all forms of scattering interactions
considered here affect the matter distribution in the universe through collisional damping
of small-scale perturbations. The resulting suppression of the matter transfer function is
captured in the CMB temperature, polarization, and lensing power spectra. The main effect
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Figure 1. The effects on CMB anisotropy power spectra from DM-proton scattering for a variety
of models described in section 2. To demonstrate the overall small-scale suppression in power from
the n ≥ 0 models, we show the relative difference from a ΛCDM model for temperature correlations.
To exhibit the effect on the acoustic peaks, we plot D` = `(` + 1)C`/2π for the temperature and
polarisation auto- and cross-spectra. We show the case of mχ = 1GeV for scattering cross section
with power law dependence on relative particle velocity, for power law indicies n ∈ {−4,−2, 0, 2, 4, 6},
setting the cross sections for visual clarity within an order of magnitude of their respective upper limits.
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of the interactions is suppression of power at small angular scales. Secondary effects include
small shifts in the acoustic peaks, as well as the increase in power on large angular scales. The
latter is particularly prominent in models where DM couples strongly to the baryon-photon
fluid prior to recombination, producing an effective “baryon-loading” effect and increasing
power at low multipoles [11, 27]. The effect in the dynamics of the acoustic oscillations is
analogous to increasing the mass of a harmonic oscillator.

To accurately model the effects of DM-proton scattering on the CMB primary power
spectra, we use a modified Boltzmann code CLASS [35] developed for previous studies [11]
and publicly released with the work of [14]. This code includes scattering interactions and
their effects on the matter transfer function and the thermal history.1

3 Data and methodology

3.1 Cosmological model
We use Markov Chain Monte Carlo (MCMC) chains to sample the standard six parameters
of the ΛCDM model, plus one or two extension parameters. The six ΛCDM parameters are{

ns, log
(
1010As

)
, τreio, Ωbh

2, Ωch
2, 100θs

}
, (3.1)

for the scalar spectral index, scalar amplitude, optical depth to reionization, baryon density,
cold dark matter density, and CMB peak position respectively. The extension parameters
are σ0, the DM-baryon interaction cross section, and mχ, the DM particle mass. We treat
each DM-baryon interaction cross section velocity dependence, n, individually as separate
phenomenological models for analysis. For each choice of n, we perform one analysis in which
scattering is limited only to protons, and a second with only electron scattering.

To report confidence limits on cross section constraints, we sample the six ΛCDM
parameters in addition to σ0, fixing mχ at seven different values between 1MeV and 1TeV,
and for n ∈ {−4,−2, 0, 2, 4, 6}. In these cases we impose a uniform prior on the cross section.
For exploration purposes we also estimate parameters for an eight-parameter model: ΛCDM
plus log(σ0) and log(mχ), in this case imposing no preference on the order of magnitude
of the cross section and mass. For each mass, we choose a lower prior on log(σ0) that is
several decades below the lowest limit obtained from sampling σ0 at fixed mass. This choice
of prior will have a small effect on numerical results like the 95-percentile upper bound, as it
removes a small region of parameter space close to zero. We avoid masses below 1MeV for
numerical stability.

We include an approximate treatment of neutrinos and other light relics by setting a
massless light relic density of Nur = 2.0328 and including a single massive neutrino with mass
mncdm = 0.06 eV. This is the baseline used in the Planck analysis. In this work we replace all
of the DM density in the universe with a component that interacts with baryons. However,
we do retain a small tracer component of standard non-interacting cold dark matter (CDM)
at the level of 10−12, in order to allow for numerical computation in the synchronous gauge of
this component.

Existing formulae like halofit [36] are derived from N-body simulations which do not
include DM-baryon scattering, and thus are unreliable for predicting effects of nonlinear growth
on the late-time matter power spectrum in our extension cosmologies. We found halofit
produces unrealistic nonlinear matter power spectra when used in conjunction with dark

1https://github.com/kboddy/class_public/tree/dmeff.
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matter scattering models, even for cross sections that result in only modest deviations from
ΛCDM. Throughout this work, we include only linear P (k) computations. Nonlinear growth
tends to amplify power at small scales, which would tend to amplify CMB power spectra at
scales most sensitive to dark matter scattering with baryons. Incorporating nonlinear growth
thus amplifies the scattering signal relative to the instrumental noise. Thus, we argue that
the bounds we present in this analysis are conservative bounds derived from linear cosmology.
This has particular impact on the lensing of the CMB, and may affect parameter constraints.
We leave the treatment of nonlinear structure formation within dark matter-baryon interaction
cosmologies for a later work, which we expect would provide even tighter constraints from the
larger matter power signal. [37] showed that the ACT DR4 data were sufficiently precise to
have a difference in cosmological parameters of order 0.2σ due to Boltzmann code precision
settings; we also leave this implementation to future work.

3.2 Data and sampling
In our main analysis, we use a combination of Planck 2018 and the Atacama Cosmology
Telescope Data Release 4 (DR4). We use the foreground- and nuisance-marginalized versions
of these likelihoods, representing the best estimates of the CMB bandpowers provided by
these experiments. These marginalized likelihoods are Gaussian and each have one remaining
nuisance parameter. We thus additionally sample over

{APlanck, yp} , (3.2)

representing the Planck absolute calibration and ACT polarization efficiency respectively.
We perform this likelihood analysis using the sampling framework cobaya [38]. We

include planck_2018_highl_plik.TTTEEE_lite and planck_2018_lowl.TT for Planck, and
pyactlike.ACTPol_lite_DR4 for ACT. We do not use the CMB lensing data from ACT.
Following [33], we exclude ` < 1800 data in TT when combining the ACT data with Planck,
in order to avoid double-counting the same sky measured at the cosmic variance limit. We
also include a Gaussian prior on τreio = 0.065± 0.015 to replace the large-scale polarization
likelihood. We also experimented with the addition of some other common cosmological
datasets (Planck low-` polarization, Planck lensing, and BAO from SDSS DR12 [39]), but
found these do not improve constraints on DM-baryon scattering. The lack of improvement
when including the Planck lensing is consistent with previous analyses with the Planck
data [e.g., 11], but we expect this to change with next-generation surveys [40].

4 Results

4.1 Velocity-independent constraints
For the fiducial model of velocity-independent (n = 0) scattering with a 1GeV DM particle,
we find the inclusion of the ACT DR4 data reduces the upper limit on the cross section for
proton scattering by ∼ 40%, with 95-percentile upper limits of

σGeV, n=0
0 <

{
4.7× 10−25 cm2 (Planck)
2.9× 10−25 cm2 (Planck + ACT DR4). (4.1)

We illustrate these results in figure 2, showing the marginalized 1D posterior of the DM
scattering cross section. We find almost no correlation of this parameter with the ΛCDM
parameters. For this model the data show no evidence for a nonzero cross section. This
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Figure 2. Marginalized 1D posteriors of the velocity-independent DM-proton scattering cross section,
with the DM particle mass fixed at 1GeV. The dashed vertical lines show the 95% upper limit from
Planck data alone and the combination of Planck and ACT. The small-scale CMB data from ACT
reduces the 95% upper limits by ∼ 40% over constraints from Planck alone.

model demonstrates the constraining power of the ACT DR4 data, which provide improved
measurements of the CMB damping tail and additional acoustic peaks in TE and EE, cutting
the space of allowed cross sections compared to Planck alone. For other masses, and for the
case of electron scattering, we provide upper limits derived from the Planck and ACT data in
appendix table 1.

Since the cross section parameter has a positive prior we check if the improved upper
limit is compatible with expectation. In the appendix we perform a Fisher matrix analysis,
finding an expected ∼30% improvement in errors from adding the ACT data to Planck for
the n = 0 model, consistent with our findings with the real data.

Both the Planck and ACT likelihoods used in this analysis include spectra and covariances
that have been marginalized over models of foreground parameters. The effect of DM-proton
and DM-electron scattering is imprinted in the CMB and is frequency-independent, but could
still be biased by astrophysical foregrounds such as by infrared galaxies and radio sources.
ACT DR4 contains both additional small-scale information in temperature and polarization,
but we expect the foreground contamination to primarily affect the temperature spectrum.
The foregrounds in temperature primarily affect small-scale measurements, so we expect our
analysis with the ACT DR4 temperature power spectra to be more susceptible to foreground
contamination than previous work with lower resolution Planck data. However, we find
that the ∆χ2 arising from TT spectra at ` > 2000 between the best-fit ΛCDM theory and
DM-baryon scattering extension is less than half of the total ∆χ2 arising from TT. We
also confirm that the scattering cross section is not correlated with the Planck and ACT
calibration nuisance parameters.

In figure 3 we show constraints from the eight-parameter model for proton scattering,
where we simultaneously sample both log(mχ) and log(σ0), with n = 0 shown in the upper
right panel. We see a strong correlation between mass and the cross-section upper limit.
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Figure 3. Posterior densities evaluated from the combined Planck and ACT likelihoods, sampled
over all ΛCDM parameters jointly with the logarithms of the DM-proton cross section, σ0, and dark
matter particle mass, mχ. Contours shown are 68- and 95-percentile. We show all six proton-scattering
models considered in this work (n ∈ {−4,−2, 0, 2, 4, 6}), sampling from 1MeV to 1TeV in dark matter
particle mass.

4.2 Velocity-dependent constraints

We report results for the 7-parameter model (ΛCDM+σ0) in appendix table 1 for the suite
of masses and model indices.2 When adding the ACT data we find posterior densities for
proton scattering which have nonzero best-fitting scattering cross sections for n = 2 and
n = 4. This is shown in figure 4 for the 1MeV case, for the cross section and the primordial
tilt, ns, which is most degenerate with the cross section. We find that the combined Planck
and ACT posterior does not directly shrink inwards from the Planck constraints, but rather
shifts upwards in cross section altogether by ∼ 1σ.

The difference in goodness-of-fit for the ACT DR4 likelihood between a ΛCDM model
and the best-fitting n = 2, mχ = 1MeV model is driven primarily by the ACT temperature
data, with

(χ2
ΛCDM − χ2

n=2,1 MeV)ACT =


5.3 (TT, TE, EE)
4.0 (TT)
0.9 (TE)
−0.3 (EE).

(4.2)

For two extra parameters applied to more than 100 degrees of freedom, this is not a significant
improvement. Overall from a model selection viewpoint we find no evidence for DM-baryon
scattering in any of the six models considered in this work (n ∈ {−4,−2, 0, 2, 4, 6}). Approxi-
mately one in three datasets would randomly exhibit a similar ∼ 2σ statistical fluctuation,
when testing six models like n ∈ {−4,−2, 0, 2, 4, 6}, and for two additional parameters (mass
and cross section).

2Our choice to report cross sections for a linear rather than logarithmic prior can change constraints by up
to a factor of two, which affects comparisons with previous work, e.g., [12].
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Figure 4. The combined Planck and ACT DR4 data (orange), and Planck alone (blue), produce
constraints on the DM-proton scattering cross section consistent with statistical fluctuations in a
ΛCDM Universe. Contours shown are 68- and 95-percentile. We show the posterior of the cross section
for n = 2 and n = 4 models with a 1MeV DM particle, together with ns which is the parameter most
degenerate with the cross section.

In testing the impact that ACT DR4 has on parameter constraints, we show in the
appendix that ACT improves on Planck uncertainties by less than 10% for n < 0 models. For
n ≥ 0 models the improvement on the uncertainty is 30–50%, with these models benefiting
more from the smaller scale data. This also confirms that ACT would have been expected
to improve constraints on σ0 for these models, if not for a presumably statistical fluctuation
towards nonzero best-fit values.

We show the derived posterior densities for the combined Planck and ACT data in
figure 3, for the eight-parameter model for proton scattering. These samples are presented
with a flat prior in the logarithm of the cross section, instead of the flat prior in the cross
section used in 4. The approach of sampling in the logarithms of the DM particle mass and
cross section is useful for exploring the space of allowed models. The CMB constraints exhibit
a significant degeneracy between DM particle mass and cross section, and the allowed cross
sections vary by several orders of magnitude as the mass changes from 1MeV to 1TeV. In
the limit where the DM mass is much greater or much less than the mass of the scattering
target, this degeneracy becomes a true power law. Although there are some masses for which
the best-fitting cross-section is nonzero, we have no reason to believe that the DM particle
mass takes on any particular value from 1MeV to 1TeV. CMB-only constraints struggle to
break the degeneracy between DM particle mass and the scattering cross section. Bayesian
analysis would marginalize over mass. Any such marginalization would erase a preference for
nonzero cross section, as one can infer from figure 3.

We also present constraints on DM-electron scattering in table 1. These constraints
exhibit behavior similar to the DM-proton scattering, with some modest 1−2σ best-fit
deviations from zero cross-section, but still consistent with ΛCDM.

We test the effect of including additional Planck large-scale polarization in place of a
prior on τreio, as well as including Planck lensing and BAO constraints from SDSS DR12 [39].
The constraints on the DM-baryon interaction cross section are virtually unchanged with the
inclusion of these data. There are the expected shifts for the optical depth to reionization,
the amplitude As, and the DM density from these additional data sources, but these are not
correlated with the DM-baryon scattering parameters.
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5 Conclusions and discussion

We have used new measurements of the CMB, particularly at small scales and in polarization,
to look for evidence of elastic scattering between DM and baryons (protons and electrons).
Compared to previous work, the inclusion of the ACT DR4 data provides more precise
measurements of the high-` acoustic peaks and damping tail in TE and EE. Relative to
a ΛCDM model, the scattering models affect mostly the small scales, so the inclusion of
the ACT DR4 dataset is especially suited to investigating this physics. Indeed, although
the addition of the ACT DR4 likelihood does not significantly improve constraints on the
standard ΛCDM parameters [33], we find that for the fiducial model of velocity-independent
dark matter scattering with a 1GeV dark matter particle, the combination of ACT DR4 and
Planck improves the upper limit on the scattering cross section by ∼ 40%.

The combined Planck and ACT likelihood yields posteriors consistent with statistical
fluctuations about the non-scattering ΛCDM model, for all models considered in this work.
However, many of the n 6= 0 models do exhibit a mild < 2σ deviation from zero cross section
for many masses, as shown in figures 3 and 4. This preference arises primarily from the ACT
temperature data, but is not statistically significant.

Since DM-baryon scattering reduces power at small scales, we expect that new high-
resolution ground-based data, particularly measurements of the TE and EE correlations at
high-`, will provide noteworthy improved constraints in the near future. Existing instruments
like ACT and SPT, as well as future instruments like the Simons Observatory and CMB-S4,
will provide as much as an order of magnitude in improvement for the scattering cross section.
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In this appendix we estimate how much statistical power ACT contributes to the
ACT+Planck combination, relative to Planck alone. The constraining power is distinct from
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n mχ Planck ACT + Planck A+P electron
[GeV] [95%, cm2] [95%, cm2] [95%, cm2]

−4 0.001 1.3× 10−41 1.8× 10−41 1.4× 10−37

−4 0.01 1.4× 10−41 1.9× 10−41 1.4× 10−36

−4 0.1 1.5× 10−41 2.0× 10−41 9.1× 10−36

−4 1.0 2.7× 10−41 3.7× 10−41 9.1× 10−35

−4 10.0 1.6× 10−40 2.1× 10−40 8.0× 10−34

−4 100.0 1.4× 10−39 1.9× 10−39 8.4× 10−33

−4 1000.0 1.4× 10−38 1.9× 10−38 5.3× 10−32

−2 0.001 1.8× 10−33 2.3× 10−33 7.0× 10−32

−2 0.01 1.8× 10−33 2.2× 10−33 5.2× 10−31

−2 0.1 2.0× 10−33 2.4× 10−33 4.9× 10−30

−2 1.0 3.6× 10−33 4.6× 10−33 5.7× 10−29

−2 10.0 2.1× 10−32 2.5× 10−32 5.6× 10−28

−2 100.0 1.9× 10−31 2.4× 10−31 4.9× 10−27

−2 1000.0 1.9× 10−30 2.4× 10−30 5.8× 10−26

0 0.001 5.7× 10−26 3.5× 10−26 6.5× 10−27

0 0.01 1.1× 10−25 6.4× 10−26 4.0× 10−26

0 0.1 1.9× 10−25 1.1× 10−25 6.4× 10−25

0 1.0 4.7× 10−25 2.9× 10−25 4.2× 10−24

0 10.0 2.9× 10−24 1.9× 10−24 5.7× 10−23

0 100.0 2.9× 10−23 1.8× 10−23 1.1× 10−21

0 1000.0 2.9× 10−22 1.8× 10−22 3.7× 10−21

n mχ Planck ACT + Planck A+P electron
[GeV] [95%, cm2] [95%, cm2] [95%, cm2]

2 0.001 3.9× 10−21 5.3× 10−21 1.5× 10−22

2 0.01 5.2× 10−20 7.0× 10−20 9.3× 10−22

2 0.1 6.5× 10−19 8.5× 10−19 1.1× 10−20

2 1.0 8.7× 10−18 7.3× 10−18 1.1× 10−19

2 10.0 9.2× 10−17 6.3× 10−17 1.4× 10−18

2 100.0 9.5× 10−16 6.0× 10−16 1.2× 10−17

2 1000.0 9.7× 10−15 5.8× 10−15 9.2× 10−17

4 0.001 1.1× 10−16 1.9× 10−16 1.4× 10−18

4 0.01 1.4× 10−14 2.2× 10−14 1.8× 10−17

4 0.1 1.4× 10−12 2.3× 10−12 1.9× 10−16

4 1.0 7.3× 10−11 1.1× 10−10 1.7× 10−15

4 10.0 1.3× 10−9 1.5× 10−9 1.7× 10−14

4 100.0 1.3× 10−8 1.6× 10−8 1.5× 10−13

4 1000.0 8.9× 10−10 3.5× 10−10 1.3× 10−12

6 0.001 2.3× 10−12 3.8× 10−12 7.4× 10−15

6 0.01 2.5× 10−9 4.3× 10−9 7.3× 10−14

6 0.1 2.2× 10−6 4.0× 10−6 1.2× 10−12

6 1.0 5.7× 10−4 9.7× 10−4 1.8× 10−11

6 10.0 1.3× 10−2 1.6× 10−2 1.2× 10−10

6 100.0 8.2× 10−3 8.4× 10−3 1.1× 10−9

6 1000.0 1.6× 10−3 3.8× 10−4 1.1× 10−8

Table 1. Upper 95% limits on DM cross sections, sampled with linear prior, for models with velocity
dependence n and DM mass mχ, for proton scattering (column 3 & 4) and electron scattering (column
5). Many of the models with n 6= 0 do not show an improvement in the upper bound over Planck with
the addition of ACT DR4, due to the nonzero best-fitting cross sections discussed in section 4.2.

the upper bound, since the upper bound is sensitive to statistical fluctuations which change
the peaks of the respective likelihoods. We perform a simple Fisher matrix analysis with the
likelihoods directly.3 The Fisher matrix for parameters {θi} is the expectation value for the
Hessian of the log-likelihood L,

Fij = −
〈

∂2L
∂θi ∂θj

〉
θ

. (.1)

We approximate this expectation value with the value at the peak of the likelihood. To
compute the Hessian of the log-likelihoods, we use forward-mode automatic differentiation (AD)
in the ForwardDiff.jl package [41] within the Julia language [42]. Although it is possible
to derive an analytic Hessian, the ACT likelihood has complexities (binning, nontrivial
bandpower window functions, deep and wide patches) which would make this tedious. We
re-implement the ACT and Planck likelihood in Julia, to enable the use of this AD package.
Our new implementation reproduces the ACT DR4 likelihood [33] to numerical precision. We
use the compressed high-` likelihood provided in [43] for Planck 2018, and we reproduce this
likelihood to numerical precision as well. We obtain gradients of the model spectra using
finite differences.

After computing the negative Hessian of the log-likelihood numerically with AD, we
invert it to obtain the covariance matrix via the Cramer-Rao bound, Cij = F−1

ij . To represent
3https://xzackli.github.io/realfisher/fisheranalysis.jl.html.
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n σP(σ0)/σAP(σ0) FoMP/FoMAP

−4 1.07 1.64
−2 1.06 1.62
0 1.34 2.06
2 1.49 2.29
4 1.32 2.04
6 1.40 2.15

Table 2. Statistical constraining power estimates from Planck alone (P), and ACT and Planck
combined (AP), for mχ = 1 GeV.

the combined likelihoods, we add the Fisher matrices corresponding to ACT alone and Planck
alone. We also impose a prior on the error of the optical depth to reionization, σ(τreio) = 0.015,
to replace the large-scale polarization data in Planck by adding (0.015)2 to the diagonal
element of the Fisher matrix corresponding to τreio.

This Fisher analysis configuration reproduces the ΛCDM constraints in [33] fairly well,
with only 10−20% differences for each of the parameter errors in each configuration (Planck,
ACT, ACT and Planck combined).

For parameter θi, we then compute the marginalized error σ(θi) =
√
Cii. We also define

an overall figure of merit (FoM) that describes the full extension model, FoM = 1/
√

detF .
We present ratios of these quantities in table 2 for the Planck likelihood alone (P), with
respect to ACT and Planck combined (AP). We use the ACT and Planck combined best-fit
as the fiducial model. We perform this analysis for the 1GeV case, as the degeneracy between
mass and cross section results in similar results for other masses. Although the overall figure
of merit improves by roughly a factor of two across all models, the ACT data improves the
constraint on σ0 by 30−40% for n ≥ 0 models. For n < 0 models, we see that the ACT data
contributes little constraining power.
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